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The gene (nplT) for a new type of pullulan-hydrolysing enzyme, neopullulanase, from Bacillus 
stearothermophilus TRS40 was sequenced. The DNA sequence revealed only one large open 
reading frame, composed of 1764 bases and 588 amino acid residues ( M ,  69 144). Although the 
thermostable neopullulanase contained eight cysteine residues, they did not provide 
conformational stability by disulphide bonds. A comparison was made of the amino acid 
sequences of a-amylase, neopullulanase, isoamylase, pullulanase and cyclodextrin glucanotrans- 
ferase. All the enzymes examined contained four highly conserved regions which probably 
constitute the active centres of the enzymes. The amino acid residues required for the specificity 
of neopullulanase are compared with those of a-amylase and other amylolytic enzymes. 

I N T R O D U C T I O N  

Four types of pullulan-hydrolysing enzymes have been described (Imanaka & Kuriki, 1989) : 
(i) glucoamylase (glucan 1,4-a-g1ucosidase; EC 3.2.1 .3), which hydrolyses pullulan from 
nonreducing ends to produce glucose ; (ii) pullulanase (a-dextrin endo- 1,6-a-glucosidase ; EC 
3.2.1 .41), which hydrolyses a-(1+6)-glucosidic linkages of pullulan to produce maltotriose; (iii) 
isopullulanase (EC 3.2.1 .57), which hydrolyses a-( 1+4)-glucosidic linkages of pullulan to 
produce isopanose (6-0-a-maltosylglucose) ; and (iv) neopullulanase, which hydrolyses a-( 1-4)- 
glucosidic linkages of pullulan to produce panose (62-O-a-glucosylmaltose). The last enzyme was 
reported to be a new type of pullulan-hydrolysing enzyme from Bacillus stearothermophilus 
TRS40 (Kuriki et al., 1988a). We have cloned the genes for the neopullulanase and pullulanase 
in Bacillus subtilis (Kuriki et al., 1988 a, b, respectively). The neopullulanase could hydrolyse 
pullulan efficiently and only hydrolysed a small amount of starch. Further studies revealed that 
neopullulanase hydrolysed not only a-( 1+4)-glucosidic linkages but also specific a-( 1 +6)- 
glucosidic linkages of several branched oligosaccharides (Imanaka & Kuriki, 1989). 

It was previously demonstrated that four highly conserved regions existed in eleven different 
a-amylases (EC 3.2.1.1) (Nakajima et al., 1986) and the regions were most likely to be the 
active and/or substrate-binding sites of the enzymes (Matsuura et al., 1984). These homologous 
regions have also been discussed for other kinds of amylolytic enzymes (Amemura et al., 1988; 
Binder et al., 1986; Kimura et al., 1987; McPherson & Charalambous, 1988; Sakai et al., 1987). 

This paper describes the nucleotide sequence of the cloned neopullulanase gene. To further 
investigate the unique action pattern of the neopullulanase at the molecular level, the amino acid 
sequence of the neopullulanase is compared with those of a-amylase, isoamylase, pullulanase 
and cyclodextrin glucanotransferase, and the specificity of the neopullulanase is described. 

METHODS 

Bacterial strains, plasmids and phages. The Bacillus strain used was Bacillus subtilis NA-1 (arg-15 hsmM hsrM 

Amy- Npr-) (Kuriki et al., 1988a). Escherichia coli MV1184 [ara A(1ac-pro) strA thi (QI8OAlacZZAM15) 

A(srl-recA)306 : : TnlO(Tet'); F : traD36proAB lacZqZAM151 was used as a host for plasmids p U C l l 8  and 
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pUCll9 and for phage M13K07 (Vieira & Messing, 1987). Plasmid pPPl0 [Tc' nplT+ (structural gene of the 

neopullulanase from B .  stearothermophilus TRS40)] was described previously (Kuriki et al., 1988~).  

Plasmid isolation, restriction enzyme treatment, and ligation of DNA. Plasmid DNA was prepared by either the 

rapid alkaline extraction method or CsCl/ethidium bromide equilibrium density gradient centrifugation as 

described previously (Imanaka et al., 1982). Treatment of DNA with restriction enzymes and ligation of DNA 

with T4 DNA ligase were done as recommended by the manufacturer. 

Transformation. Transformation of E.  coli with plasmid DNA, and transformation of competent B. subtilis cells, 

were done as described previously (Imanaka et al., 1981). 

Gel electrophoresis for DNA analysis and isolation. For the analysis of DNA, gel electrophoresis with agarose or 

polyacrylamide was done under standard conditions (Maniatis et al., 1982). A GENECLEAN kit (BIO 101, La Jolla, 

Calif., USA) was used for the recovery of DNA from agarose. 

DNA sequencing analysis. DNA sequencing was done by the dideoxy chain-terminating method (Sanger et al., 

1977) with a SEQUENASE kit (United State Biochemical Corporation, Cleveland, Oh., USA). For preparing single- 

stranded DNA, pUCl18/119 and helper phage M13K07 were used (Vieira & Messing, 1987). Some strands were 

analysed by the dideoxy sequencing method using alkaline denatured plasmid templates (Hattori & Sakaki, 1986). 

Although some parts of the DNA were analysed from one strand, those sequences could be determined without 

any ambiguity on the sequencing gels, because the substitution of dGTP by the nucleotide analogue dITP with the 

SEQUENASE kit was successful in elimination of compressed regions. All restriction sites were overlapped by 

sequencing across them. 

Detection of neopullulanase-producing colonies and assay of neopullulanase actiuity. Neopullulanase-producing 

colonies were selected on PLL agar plates and neopullulanase activity was assayed at 50 "C as described previously 

(Kuriki et al., 1 9 8 8 ~ ) .  

Purification ofneopullulanase. B. subtilis NA-l(pPP10) was cultivated in LSII broth (Kuriki et al., 1988a) at 37 "C 

for 16 h. The culture supernatant was used for enzyme purification. Purification procedures for the neopullulanase 

were described previously (Kuriki et al., 1988~).  

Amino acid composition and amino-terminal amino acid sequence. Using neopullulanase purified to homogeneity,. 

the amino acid composition was analysed as described previously (Matsumura et al., 1984). The amino-terminal 

amino acid sequence was analysed by Edman degradation as described elsewhere (Takagi et al., 1985). 

Enzymes and chemicals. Restriction endonucleases, T4 DNA ligase, and DNA polymerase I (Klenow fragment) 

were purchased from Takara Shuzo Co., Kyoto, Japan. Tetracycline was from Sigma. All other chemicals used 

were from Wako Pure Chemical Industries, Osaka, Japan. 

Analysisof amino acid sequence homology. This was done with an NEC PC-9801 computer (Nippon Electric Co.) 

and the GENETYX system (Software Development Co., Tokyo, Japan). 

RESULTS 

Nucleotide sequence of the neopullulanase gene 

We have previously shown that the structural gene for the neopullulanase (nplT) from B.  

stearothermophilus TRS40 is cloned in a 3.4 kb (2.2 MDa) HindIII fragment of plasmid pPPl0 
(Kuriki et al., 1988a). Fig. 1 shows the restriction map of the 3.4 kb HindIII fragment. Using a 
fi-ame-shift mutation generated by end-filling with DNA polymerase I, we confirmed that a 
single SalI site was located in nplT. The nucleotide sequence of nplT was determined (Fig. 2), 
according to the strategy shown in Fig. 1. 

To correlate the nucleotide sequence data with the structure of the neopullulanase, the amino- 
terminal amino acid sequence of the enzyme from B. subtilis NA-l(pPP10) was determined 
through five cycles of the Edman degradation procedure (Allen, 198 1). The first five amino acids 
of the enzyme were Met-Arg-Lys-Glu-Ala. This sequence completely matched that deduced 
from the nucleotide sequence only when ATG was taken as the initiation codon at position + 1 
(Fig. 2). 

Starting from the ATG codon at position + 1 and terminating in a TAG nonsense codon at 
position + 1765, the single open reading frame was composed of 1764 nucleotides (Fig. 2). The 
maximum length of other open reading frames was 474 nucleotides in the two other reading 
frames of the same strand and the three reading frames of the complementary strand. 

At 6 bases upstream from the ATG codon, there was a 10-base sequence, AAGGAGGAGA 
( -  16 to -7), which exhibited complementarity with the 3' end of the 16s rRNA from B. 

stearothermophilus (Kozak, 1983) and B. subtilis (Moran et al., 1982); hence it is the most 
probable ribosome-binding site (Shine-Dalgarno sequence) of nplT. The free energy of 
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HindIII 0 0.5 I 4 I .5 2.0 2.5 3.0 HindIII 
1 1  I I 1 I I I I kb 

HindIII 

EcoRI 

BarnHI 
SatI 

SphI 

EcoRV 

AccI 

Srna I 
HincII 

Fig. 1 .  Restriction map and sequencing strategy of the 3.4 kb Hind111 fragment of pPP10. The location 

and size of the neopullulanase gene are shown by the open bar. Arrows indicate the direction and length 
of individual sequence determinations. Asterisks indicate the regions analysed using dITP. 

formation of the most stable pairing was calculated as - 18.0 kcal mol-l (- 75.3 kJ mol-I) 
(Tinoco et al., 1973). 

Two putative promoters (-35 and -10 regions) are shown in Fig. 2; one is 
TTGACTTTTTTTCTCTCTTTTCGTACTCT (- 90 to -62) and the other 
TTTTTTTCTCTCTTTTCGTACTCTTTAAT (- 85 to - 57). However, these two putative 
promoters are somewhat different from the consensus sequence for the c~~~ factor (TTGACA for 
the -35 region and TATAAT for the -10 region) in B. subtilis (Moran et al., 1982). The 
distance between the - 35 region and the - 10 region was 17 bp for each promoter, which is the 
same as the consensus distance in B.  subtilis (Moran et al., 1982). Furthermore, 39 bases 
downstream from the termination codon at position + 1765 was a palindromic sequence (Fig. 2) 
that might act as a transcription terminator (Rosenberg & Court, 1979). 

Amino acid analysis 

The M ,  of the neopullulanase, calculated as 69 144 from the amino acid sequence (588 amino 
acid residues), is in reasonable agreement with the direct assessment ( M ,  62000) by SDS 
polyacrylamide gel electrophoresis (Kuriki et al., 1988a). The amino acid composition of the 
neopullulanase agreed with that deduced from the nucleotide sequence (data not shown). The 
codon usage was rather randomly distributed, without clear bias for any particular third- 

position base, and was nearly the same as that of B.  stearothermophilus a-amylase (Nakajima et 
al., 1985). 

The neopullulanase contained eight cysteine residues (Fig. 2). If some disulphide bonds 
existed, they might provide conformational stability (Perry & Wetzel, 1984). To examine 
whether disulphide bonds were present in the neopullulanase, we compared the thermostability 
of the enzyme in the presence or absence of a reducing agent. 2-Mercaptoethanol (final 
concentration 10 mM) was added to the enzyme solution and the thermostability at 60, 65 and 
70 "C was measured as described previously (Kuriki et al., 1988a). The thermostability and 
specific activity of the reduced neopullulanase were rather higher than those of the native (non- 
reduced) enzyme, although the reason is not clear yet (data not shown). This result implied that 
the neopullulanase did not contain any disulphide bonds necessary for enzyme activity or for 
stability. 

Comparison of the amino acid sequences of' homologous regions in several amylolytic enzymes 

We analysed the homologous amino acid sequences for a-amylases (Nakajima et al., 1986), the 
neopullulanase, isoamylase (Amemura et al., 1988), pullulanase (Katsuragi et al., 1987) and 
cyclodextrin glucanotransferases (Binder et al., 1986; Kimura et al., 1987 ; Sakai et al., 1987). As 
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-100 

AACCTT~.~.CTACTCAAT~.TGACTTTTT~"~CTCTCTTT~.CGTACTCTT~.AATCAGAGGA~GGCGATCA~.GCAAACGAT~GCTTTTATA~.ATGAAGGAG~;AGA~CAA 

+ I  I 20 

A~;AGGAAA~;AAGCCATCTACCACCGCCC~;GCTGACAAC~.TCGCCTATGCCTATGATAG~.GAGACACTT~ATCTTCGGC~TCGAACAAAAAAAGACGATATCGATCGTG~TGAGCTGCT~; 

SD 
- - 

-35 region -10 region 

~~~~~~~;L~~~~~~~~~~~rH~sArgProAlaAspAsnP~eAlaTyrAlaTyrAspSerGluThrLeuHisLeuArgLe~ArgThrLysLysAspAspIleAspArgValGluLeuLeu 

240 

~~~~ly~sppro~rAspTrpGlnAsnGlyAlaTrpGlnPheGl~etMetProMetArgLysThrGlySerAspGluLe~PheAspTyrTrpPheAlaGluValLysProProTyrArg 

360 

~~g~euArgTyrGlyPheValLeuTyrSerGlyGluGluLysLeuValTyrThrGluLysGlyPheTyrPheGluValProThrAspAspThrAlaTyrTyrPheCysPheProPheLeu 

480 

H~sArgValAspLeuPheG1uAlaProAspTrpValLysAspThrValTrpTyrGlnIlePheProGluArgP~eAlaAs~GlyAsnProSerIleSerProGluGlySerArgProTrp 

I 
20 &A 

CATGCTCAC~'CGTATCACTAAAATGGAGCTTCCCAG~TCAAATGA~.GCCGATGCGAAAAACAGGAAGTGACGAGT~GTTTGATTA~.TGGTTCGCC~AAGTCAAAC~TCCCTATCG~' 

60 

C G G T T A C C C ~ . A C C G G T T C G ~ T C T A T T C ~ ~ A G A G G A G A A G C T C G T T T A T A C A G A A A A ~ ~ G T ~ T A C ~ . T T G A G G T T C ~ A A C C G A T G A ~ A C ~ C T T A C ~ . A C T ~ T ~ ~ T C C C T T T C T ~  

100 

CATCGAGTC~;AC~TCTTCGAGCCC~A~GGGTAAAG~ATACAGTCT~;GTATCAAA~TTCCCTGA~GGTTCGCCAACGGCAACCCATCAATCAG~CAGAAGGA~GCGGCCGTG~ 

I 4 0  

600 

GlySerCluAspProT~rProThrSerPhePheGlyG1yAspLeuGlnGlyIleIleAspHisLe~AspTyrLeuValAspLeuGlyIleThrGlyIleTyrLeuThrProIlePheArg 

7 20 

SefProSerAsnHisLysTyrAspTh~AlaAspTyrPheGl~ValAspProHisPheGlyAspLysGluThrLeuLysTh~LeuIleAspArgCysHisGluLysGlyIleArgValMet 

840 

LeuAspAlaValPheAsrHisCysGlyTyrGl~PheAlaProPheGlnAspValTrpLysAsnGlyGluSerSerLysTyrLysAspTrpPheHisIleHisGluPheProLeuGlnThr 

960 

GluProArgProAsnTyrAspThrPheArgPheValProGlnMetProLysLeuAsnThrAlaAsrProGluValLysArgTyrLeuLeuAspValAlaThrTyrTrpIleArgGl~he 

1080 

GACATTGAC~TTGGCGGCi.n;ATGTTGCCAATGAAATCeACCACGAAT~TTGGCGCGAeTTCCGCCAGGAGGTAAAGGf 4CTGAAACCeGACGTATAC6TCCTCGGGGAAATTTGGCAf 

AspIleAspGlyTrpArgLeuAspValAlaAsnGluIleAspHis~~uP~eTrpArgGluPheArgGlnGluValLysAlaLeuLysProAspValTyrIleLe~GlyGl~IleTrpH~s 

GGGAGCGA~ATCCAACAC~'AACCAGCT~TTGGC~~ACTTGCAAG~GA~ATCGA~CATCTCGAT~.ACCTTGTTGACCTTGGTAT~.ACCGGTATT~.ACTTAACCC~GATCTTCCG~ 

I80 

T C T C C G T C A I A C C A T A A A T A C G A T A C C C C ~ . G A T T A T T T T ~ C G T T G A A A A C G C T C A T C G A ~ C G T T G C C A T ~ A A A A A G G T A ~ . C C G C G T  

220 

CTCGATCCC~;~;TTTAACCATTGCGGCTA~.GAGTTCCCCCCGTTCCAAG~\TGTATGGAA~AATGGTGAG~CCTCAAAAT~TAAGGACTGGTTTCACATTCATGAATTTC~CCTGCAAACA 

260 

GACCCGCG~CGAATTACG~TACATTTCG~TTCGTGCCA~AAATGCCAAAGCTGAACAC~CCCAATCCAGAAGTGAAGCGTTATTTGCT~.GA~;TTGCGACATATTGGA~.TCGTGAGTT~. 

300 

360 

1200 

AspAlaMetProTrpLe~ArgGlyAspGlnPheAspAlaValMetAsnTyrProPheThrAs~GlyValLeuArgPhePheAlaLysGl~GluIleSerAlaArgGlnPheAlaAsnGln 

I320 

MetMetHisValLeuHisSerTyrProAsnAsnValAsnGl~AlaAlaP~eAsnLe~LeuGlySerH~sAspT~rSerArgIleLeuTnrValCysGlyGlyAspIleArgLysValLys 

I440 

TTGTTATTT~TGTTTCAAC~.GACGTTCACGGGTTCACCA~GCAT~ACTATGGGGATGA~ATCGGCATGI\CGGGCGGAA~CGATCCCGAGTGCCGGAAG~.GCATGGTGT~GGATCCGAT~ 
LeuLeuPheLeuPheGlrLeuThrPheTh~GlySerProCysIleTyrTyrGlyAspGluIleGlyMetThrGlyG~yAs~AspProGl~CysArgLysCysMetValTrpAspProMet 

1560 

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ Y ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ Y ~ ~ ~ n L ~ ~ ~ ~ ~ ~ ~ a ~ ~ u ~ r g L y s G l n T y r A r g S e r L e u A r g A r g G l y G l ~ I l e S e r P ~ e L e u H ~ s A l a A s p A s ~ G l ~ M e t A s n T y r L e u  

I680 

~ ~ ~ ~ Y ~ ~ ~ ~ ~ Y ~ ~ ~ ~ ~ ~ ~ ~ ~ Y ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ e u V a l I ~ e I ~ e A s n A r g S e r A s p G l n L y s A l a A s ~ I l e P ~ o I l e ? r ~ L e u A s p A l a A r g G l y T ~ ~ T r p L e ~ V a l A s n L e u L e u T h r  

GATCCGATG~'CGTGGCTGC~;CGGTGACCAETTTGACGCAETCATGAACT~\CCCGTTTACI\GACGGGGTGCTCCCCTTTT~CGCCAAGGA~\GAGATTAGTGCACGCCAG~TGCTAATCAA 

380 

ATGA~;CAT~;TACTTCATTEGTATCCGAACAATGTCAACEAGGCCGCAT~CAATTTGCT~GGCAGTCATEATACATCAAGAATTCTCAC~GTTTGCGGC~GGGATATCC~CAAGGTGAA~ 

420 

460 

CAACAAAAC~AAGACCTGCACCAACACGT~AAGCAGCTGATAGCGCTGCGCAAACAGTA~CGGTCACTACGCCGCGGGG~AATCTCCTT~CTTCATGCCGATGATGAAA~GAACTATCT~ 

500 

ATTTACAAAAAAACAGATG~AGATGAAAC~;GTGTTAGTC~TCATCAATCGGAGCGACCAAAAAGCCGACI\TCCCGATCC~GCTCGATGC~AGAGGAACA~GGCTCGTTAACCTCTTGAC~. 

540 

~~GGAACGG.E~~CCAGCCGA~CAGAAACECTTTGCACC~CCTTACCGCCCTATGGGTT~GTACTTTATGCAATAGAAC~\TTGGTA~AC~T~TTTCATAEACAATCATAATAGCAGCCAA '800 
GlyGluArgPheAlaAlaGluAlaGluThrLeuCysThrSerLeuPro~roTyrGlyPheValL~~TyrAlaIleGluH~sTr~~** 

580 588 

1920 

TATATGAACACCGGTGCAG~CGCTGCACCGGTGTTATAC~CGTTGGGCTI\TACGCCGATACTCAGTCGGCGTCATCCCT~CCATTTTTT~AAATAAACG~GAGAAATAA~;CGCTGTCAT~ 

2040 

AATGCCAAC~CCTTTCGCG~TGGCCTCGA~CGTTTCATT~GTTTCAGCC~\ACCATTGTT~CGCCTTTGA~ AATCGGTAG+ACGCCAAATAATGGCTAAAECCCATCCCG~\GCGTTCTTTE 

CATGC 
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Region 1 Region 2 Region 3 Region 4 
AMYConsensus D A V I N H  G F R L D A A K H  E V I D  F V D N H D  
AMY A .  ory. 117 

AMY B. stearo. 101 

AMY B. amylo. 90 

AMY Rat 
AMY Mouse,s 96 

Fig. 3. Highly conserved regions among a-amylase, neopullulanase, isoamylase, pullulanase and 
cyclodextrin glucanotransferase. The amino acid residues identical with the consensus sequence of a- 
amylase are shaded. Amino acid residues are shown by single letters as follows: A, Ala; D, Asp; E, Glu; 
F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; 
V, Val; W, Trp; Y, Tyr. Enzymes are abbreviated as: AMY, a-amylase; NPL, neopullulanase; IAM, 
isoamylase ; PUL, pullulanase ; CGT, cyclodextrin glucanotransferase. Enzyme sources are abbreviat- 
ed as : A.  ory., Aspergillus oryzae; B.  stearo., Bacillus stearothermophilus; B.  amylo., Bacillus 
amyloliquefaciens; B. sub., Bacillus subtilis; P .  amylo., Pseudomonas amyloderamosa ; K .  aero., Klebsiella 
aerogenes; K .  pne., Klebsiella pneumoniae; B.  mace., Bacillus macerans; Alk. B.,  alkalophilic Bacillus; s, 
saliva; p, pancreas. For the reference of each amino acid sequence, see the text. Numbering of the 
amino acid sequences of the enzymes starts at the amino-terminal amino acid of each mature enzyme. 
Active sites and substrate binding sites proposed by Matsuura et al. (1984) for Taka-amylase A from A .  
oryzae are indicated by 0 and 0, respectively. 

the results demonstrate (Fig. 3), the four highly conserved regions previously demonstrated in 
or-amylases were also found in the neopullulanase, isoamylase, pullulanase and cyclodextrin 
glucanotransferases. The arrangement of regions 1, 2, 3 and 4 from the amino-termini among 
these enzymes were the same. The other parts of the neopullulanase showed almost no similarity 
to those of a-amylases, isoamylase, pullulanase and cyclodextrin glucanotransferases. 

DISCUSSION 

We have determined the complete nucleotide sequence of the gene for a new type of pullulan- 
hydrolysing enzyme, designated neopullulanase, from B. stearothermophilus TRS40. An open 
reading frame, composed of 1764 bases and 588 amino acid residues, was found. The 
thermostable neopullulanase contained eight cysteine residues. However, they did not provide 
conformational stability through disulphide bond formation. 

Fig. 2. Nucleotide and amino acid sequences of the neopullulanase gene. The nucleotide sequence is 
presented from the Hind111 site (nucleotide - 109) to the SphI site (nucleotide +2045). The nucleotide 
sequence is counted from the first base of open reading frame. The amino acid sequence is shown 
beneath the nucleotide sequence. The amino-terminal amino acid sequence of the neopullulanase, 
determined by the Edman method, is denoted by half-head arrows. The first amino acid of the 
translation (Met) is counted as 1. A probable Shine-Dalgarno sequence (nucleotide - 16 to - 7) and 
putative promoter regions (-35 and - 10 regions) are shown by solid lines below the nucleotide 
sequence. Asterisks indicate a stop codon. The sequence containing inverted repeat structures 
downstream from the termination codon TAG is designated by -+ c. 
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Fig. 4. Proposed substrate-binding model of Taka-amylase A (Matsuura et al., 1984) and conservation 
of corresponding amino acid residues in other a-amylases, neopullulanase, isoamylase, pullulanase and 
cyclodextrin glucanotransferases (see Fig. 3). The glucose residues of amylose (as a substrate) are 
specified by the numbers 1 to 7. Enzymes are abbreviated as in Fig. 3. 0, Conserved residue; x , non- 
conserved residue. 

Table 1. Action of various amylolytic enzymes 

Relative hydrolysis and transglucosylation rates are indicated as follows: + + , strong; + , medium ; &, weak ; 
- , none. a-( 1 - 4 ,  a-( 14)-glucosidic linkage; a-( 1-6), a-( 14)-glucosidic linkage. 

Pullulan Starc h/amylopectin Glycogen --- Trans- 
Enzyme a41-4) a-( 1-6) a-( 1-4) a-( 1+6) a-( 1-4) a-( 1-6) glucosylation 

- + +  a-Amylase - - 

Neopullulanase ++  + * k 
Isoamylase - 

Pullulanase - 

C yclodextrin - 

- + +  
+ +  

- - 
- - + +  

- ++  - 

glucanotransferase 

++  
f 

k 

++ 

Although most of the amylolytic enzymes are secretory proteins, no typical signal sequence 
was found in the amino-terminal region of the neopullulanase. When B. subtilis NA-l(pPPl0) 
was cultivated for 13 h (early stationary phase), about 20% of the total neopullulanase activity 
was detected in the culture supernatant. Since a major portion of the activity (about 80%) was 
found in the cell extract, which was prepared by sonication (19.5 KHz, 10 min), we purified the 
intracellular neopullulanase, and the amino-terminal amino acid sequence was compared with 
that of the enzyme purified from the culture supernatant. The sequences of the first five amino 



Nucleotide sequence of neopullulanase 1527 

acids of the enzymes from the two different preparations were identical. Since the 
neopullulanase was exclusively extracellular in B.  stearothermophilus TRS40, the different 
localization of the neopullulanase in B .  subtilis remains to be investigated. 

We found four highly conserved regions in a-amylase, cyclodextrin glucanotransferase, and 
even in the neopullulanase, isoamylase and pullulanase, whose different patterns of action are 
summarized in Table 1. This finding might be very interesting to point out the homologies 
between a-( 14)-glucanohydrolases (a-amylase and cyclodextrin glucanotransferase) and a- 
(1 -6)-glucanohydrolases (isoamylase and pullulanase). Pullulanase hydrolyses pullulan, whereas 
isoamylase does not. The neopullulanase hydrolyses not only a-( 1 4 ) -  but also a-( 1+6)-glucosidic 
linkages (Imanaka & Kuriki, 1989; Kuriki et al., 1988a). The enzyme could hydrolyse pullulan 
efficiently and only a small amount of starch (Kuriki et al., 1988a). Therefore, the 
neopullulanase is a novel enzyme which might be classified between a-amylase and pullulanase 

from the viewpoint of its action pattern. 

In this context, we analysed the homologies of other glucanohydrolases, such as glucoamylase 
(EC 3.2.1 .3) (Yamashita et al., 1985), P-amylase (EC 3.2.1 .2) (Rhodes ef al., 1987), cellulase 
(EC 3.2.1.4) (Bkguin et al., 1985; Fukumori et al., 1986), maltase (a-D-glucosidase; EC 
3.2.1 .20) (Hong & Marmur, 1986) and isomaltase (oligo-l,6-glucosidase; EC 3.2.1 . lo) 
(Hunziker et al., 1986). However, no significant homologies were found (data not shown). 

A molecular model and catalytic residues of Taka-amylase A from Aspergillus oryzae were 
reported by Matsuura et al. (1984). Using the alignment of amino acid residues in homologous 
regions (Fig. 3), this model was applied for other a-amylases, the neopullulanase, isoamylase, 
pullulanase and cyclodextrin glucanotransferases (Fig. 4). Glu230 and Asp297 were proposed as 
active sites of Taka-amylase, and His122, Asp206, His210 and His296 were proposed as 
substrate-binding sites (Matsuura et al., 1984). These active and substrate-binding sites were 
surprisingly conserved in other a-amylases, the neopullulanase isoamylase, pullulanase and 
cyclodextrin glucanotransferases (Figs 3 and 4). However, one substrate-binding-site residue, 
corresponding to His210 of Taka-amylase, was substituted by Glu, Val or Tyr in the 
neopullulanase, isoamylase or pullulanase, respectively. It is interesting that only these three 
enzymes can hydrolyse a-( 1+6)-glucosidic linkages (Table 1). 

Plant et al. (1987) suggested the presence of a carboxyl group with pKa 4.3 at the active site of 
Thermoanaerobium pullulanase. It was considered most likely that the pKa value of 4.3 
represented the ionization of a Glu or Asp carboxyl group, and this view was confirmed by 
chemical modification with a carboxyl-group-specific reagent, 1-(3-dirnethylaminopropyl)-3- 
ethylcarbodi-imide (Plant et al., 1987). This finding is consistent with the hypothesis that Glu 
and/or Asp might be active-site residues in all the amylolytic enzymes shown in Figs 3 and 4. 

To further investigate the role of the amino acid residues for catalytic activity and action 
pattern of the neopullulanase, and also to improve the characterization of the enzyme at the 
molecular level, amino acid substitution in the probable active site by site-directed mutagenesis 
is now in progress. 
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